We introduce here a simple approach for rapidly determining restriction maps for a number of regions of a genome; this involves "anchoring" a map with a rare restriction site (in this case the seldom-cutting EagI) followed by partial digestion of a frequent-cutting enzyme (e.g., Sau 3A). We applied this technology to five species of the Anuphefes gambiae complex. In a single Southern blot we obtained about a 1%kb restriction map each for the mtDNA, rRNA gene, and a scnDNA region for each of five species. Phylogenetic analyses of these regions yield trees at odds with the more traditional chromosome inversion-based trees. The value of the approach for systematic purposes is the ease with which several large, independent regions of the genome can be quickly assayed for molecular variation.
Introduction
The epidemiology of malaria in Africa is complicated by the fact that its principal vector, the mosquito Anopheles gambiae, constitutes a complex of six sibling species: A. gambiae, A. arabiensis, A. quadriannulatus, A. bwambae, A. melas, and A. merus (White 1974) . Characters for the practical identification of each of the six taxa are revealed by analysis of banding patterns of polytene chromosomes (Coluzzi and Kitzmiller 1975 ) and are based on the presence of fixed paracentric inversions. The sibling species of A. gambiae occur sympa&ally in extensive areas in Africa. However, they are reproductively isolated, as attested to by their distinctness even when in sympatry. Premating ethological mechanisms, presumably involving different mate-recognition systems, appear to be the major isolating factor. Postmating barriers are incomplete since ,F1 hybrids are generally viable and sterility is observed only in hybrid males (Coluzzi et al. 1979) . Occasional hybrids are observed in nature (White 1970; Coluzzi et al. 1979) , and analysis of mitochondrial DNA (mtDNA) variation is consistent with some introgression among the closest relatives (Besansky et al. 1994 The importance of this group for malaria transmission and its favorable genetic attributes (e.g., polytene chromosomes) has recently attracted the attention of a number of molecular biologists. A major development has been the establishment of a low-resolution genomic map (Zheng et al. 199 1) . The technique for studying genetic variation we introduce here can be used in conjunction with this map to study any given part of the euchromatic genome.
We developed an "anchored restriction mapping" method that allows us to create rapidly a restriction map of a large stretch of DNA for a single restriction enzyme, using a simple Southern blot-based protocol. We collected molecular variation data from three distinct classes of mosquito DNA: an organellar genome (mtDNA), a repetitive nuclear region (rDNA), and an anonymous single-copy nuclear DNA locus (scnDNA ) . The resulting data were subjected to phylogenetic analyses and molecular phylogenies deduced. While the phylogenetic data are limited, they did provide good support for resolution of one part of the phylogeny that was unresolved by previous DNA sequence data (Besansky et al. 1994) . The relationships are incongruent with those deduced from classical inversion phylogenetic methods.
Material and Methods

Mosquito Strains
The strains of mosquitoes used in this study, their karyotype, their abbreviated name, their natural origin, and the laboratory that provided them are listed in table 1. pulse field electrophoresis to survey much longer stretches of DNA. In this way, stretches up to 1 Mb could be surveyed for chromosomal abnormalities, such as inversions, deletions, or fragile sites. Detection of these abnormalities by this technique would not even require polytene chromosomes.
Application to Anopheles
The method was applied to analysis of five of the six sibling species of the Anopheles gambiae complex, the sixth being a rare endemic and not available. The rDNA region (marked by clone pTM9) produced the expected result of the coding region being highly conserved; only two polymorphic Sau3A sites were detected in 2 kb of coding and ETS DNA. While the intergenic spacer (IGS) was identical among the three chromosomal types of A. gambiae, it varied considerably among siblings. Thirty-five variable Sau3A sites were detected over about 6 kb of the IGS. The single-copy nuclear region detected by clone pk 117-1 allowed analysis of a stretch of about 12 kb. Both the chromosomal types of A. gambiae and the siblings varied in this region. For this scnDNA region, 30-34 variable Sau3A sites were found in total. (The range indicates some ambiguity as to the status of the question marks in fig. 5 , i.e., cases in which the presence or absence of a site was not clear.)
The mtDNA analysis detected the 26 Sau3A sites predicted from the sequence data; of these, 8-10 varied among the strains and species. So, in summary, the IGS region was most variable (35 variable sites/6 kb); next was the scnDNA region (30-34 variable sites/ 12 kb), and the mtDNA was the least variable (8-10 variable sites/ 16 kb).
Phylogenetic Analysis
Phylogenetic inferences from the present dataset need to be qualified for three reasons. First, except for A. gambiae s.s., we had available to us only a single strain of each species. Thus we could not assess intraspecific variation and its effects on phylogenetic inferences. However, Besansky et al. ( 1994) did study more than one strain of each species and found (with one exception) that strains of the same species were always more similar to one another than to any other species.
The exception was for mtDNA in A. gambiae and A. arabiensis, which do not sort into species affinities, probably because of introgression. So the evidence for nuclear genes is that the intraspecific variation does not confound interspecific differences; mtDNA variation is a problem with only two of the five species. Second, we have no outgroup. Identification of an appropriate outgroup for these taxa is seriously hampered by lack of a closely related group. Besansky et al. ( 1994) collected DNA sequence data on what should have been a close relative, A. sundaicus, but it proved to be very distant at the DNA level, almost certainly too distant to make any sense of restriction map comparisons. However, the DNA sequence data for mtDNA (which has little insertion /deletion variation, thus making alignment much more certain for distantly related taxa compared with nuclear regions) allowed Besansky et al. ( 1994) to place the root for the group, at least tentatively, between merus-melas-quadriannulatus on one side and gambiaearabiensis on the other. Third, there may be a problem of homology assessment using the present technique. If two sites are very close to each other, they may not be resolved and scored as only a single site. This could only be misleading if, in comparing two taxa, one had both the site missing and the gain of a site nearby. Then one would incorrectly assess homology, but this of course would be true of any restriction map when the simultaneous loss and gain of a site occur closer than the resolving power of the gels used. One control for experimental artifacts of these sort comes from the mtDNA for which the complete DNA sequence is known; our methods detected correctly every predicted Sau3A site.
With these caveats in mind, we do feel the phylogenetic inferences are valid and important. The two phylogenetic trees produced on the combined dataset using ML and MP produced identical topologies. Individual analysis of each dataset produced similar results. First, all datasets group the different inversion forms of A. gambiae (sensu stricto) together, and the one based on the rDNA region is unable to detect any differences at all. Second, they all separate two major groups: one containing A. melas and A. merus and one containing A. gambiae, A. arabiensis, and A. quadriannulatus. Third, the relatedness among A. gambiae, A. arabiensis, and A. quadriannulatus is not clearly resolved.
Most interesting and important is that the DNA sequence data of Besansky et al. ( 1994) give phylogenetic resolution for that part of the tree not resolvable with the data presented here, and vice versa. Besansky et al. ( 1994) analyzed DNA sequence data from three regions and found very strong support for the sister relationship of A. gambiae and A. arabiensis but had difficulty resolving the other three taxa. Structural changes in the rRNA regions argued for a close relationship of melas and merus. Our data are added evidence of the sister status of these two saltwater-breeding species. (There is one way in which this conclusion would be wrong, i.e., if the root were in fact between merus and melas, a possibility that seems remote, given present information.) Thus, it is reasonably clear that of the five available sibling species of this complex, the molecular data argue strongly for placing A. gambiae and A. arabiensis toAnchored Restriction Mapping Applied to Genetic Analysis 111 gether in a monophyletic group and A. merus and A. melas in another. The two remaining questions concern the root of the tree and the placement of the rare endemic A. bwambae, which so far has not been available for molecular analysis.
The phylogenetic relationships as inferred from the distribution of fixed paracentric inversions, however, differ substantially from those generated by molecular data (cf. figs. 6A, 6B, and 6C). It should be emphasized that the relatedness of A. gambiae and A. arabiensis on the one hand and A. melas and A. merus on the other (deduced from our trees) is more consistent with the available ecological data: A. gambiae and A. arabiensis are sympatric, closely associated with humans and their environment. Anopheles melas and A. merus are the two saltwater-breeding mosquitoes. In contrast, the phylogenetic tree based on inversions places the ecologically distinct A. gambiae and A. merus together (because they are both fixed for Xag) and A. arabiensis at a great distance from A. gambiae (Coluzzi et al. 1979) . We emphasize that it is not only the restriction-site data we generated but also direct-sequence data from a number of regions that concur that molecular trees and inversion trees are incompatible in this group (Besansky et al. 1994; F. Sperling, personal communication ) .
What is the source of this discrepancy? Are inversions or DNA sequences more accurate markers to represent phylogenetic relationships? There is obviously only one species phylogeny, but both differential introgression and random sorting of ancestral polymorphisms can lead to discordance between gene trees and species trees (for a review, see Harrison 199 1) . Hybridization between species can result in transfer of alleles from one gene pool to the other. This form of introgression has been documented with mtDNA markers (e.g., see Ferris et al. 1983; Powell 1983) , and evidence for this in this complex comes from Besansky et al.'s ( 1994) data. Similar phenomena could also be envisioned for rDNA in the case of A. gambiae and A. arabiensis, as hybrids between gambiae and arabiensis have been recorded in Tanzania and northern Nigeria (White 1970; Coluzzi et al. 1979 ), though at a frequency lower than 0.1%. In addition, introgression from .A. arabiensis to A. gambiae has been demonstrated experimentally (della Torre et al. 1990) . One can therefore imagine that, while selective pressure maintains the distinct inversions, A. gambiae and A. arabiensis could have experienced gene flow for regions closer to neutral with respect to selection. However, such a scenario is much harder to imagine with regard to A. merus and A. melas, which exist in complete allopatry on the east and west coasts of Africa (which is also a problem if the ability to breed in saltwater was obtained once in the ancestral lineage giving rise to the two species).
Perhaps more likely is that the assumptions used to create inversion phylogenies are violated in the A. gambiae complex. Either the inversions are not monophyletic or they represent ancient polymorphisms that predate speciation and thus could produce phylogenetically confusing sorting during splitting (e.g., see Pamilo and Nei 1988) . As Powell ( 199 1) pointed out, selectively maintained polymorphisms (such as inversions) are more likely to persist in lineages long enough to be older than speciation events. However, data from Mathiopoulos and Lanzaro (in press) argue that at least some of the A. gambiae inversions seem to postdate nucleotide polymorphisms.
Molecular Genomic Maps
Clearly, to resolve this conflict more data are needed in specific parts of the genome, a task made feasible by the molecular genomic maps of Zheng et al. ( 199 1) and methods such as those introduced in this article. Having available regional libraries at a resolution of about 2% of the genome would allow one to use the rare-cutting anchored approach presented here to study variation in any chosen part of the genome. One need only screen the EagLSau3A library with the regional libraries to find an appropriate "anchor" for that particular region. One could then study variation in these species for DNA sequences within inversions, outside breakpoints, near breakpoints, and so on. Such studies should resolve the conflicts between molecular trees and inversion trees. Furthermore, it might provide a manner of identifying the breakpoints themselves in order to clone them. This should resolve the issue of monophyly of inversions in this group.
